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shows that enhancing our observations may be important since the choice of distribution shape 22
can have a large impact on condensation rates, changing them by 50% or more in some cases. 23
Introduction 24 25
Bin and double-moment bulk microphysics schemes are both popular approaches for 26 parameterizing subgrid-scale cloud processes (Khain et al., 2015) . In double-moment bulk 27 schemes, the mixing ratio and total number concentration for predefined hydrometeor species are 28 typically predicted, and a function is assumed to describe the shape of the size distribution of 29 each species. In contrast, bin schemes do not assume a size distribution function, but instead, the 30 distribution is broken into discrete size bins, and the mixing ratio is predicted for each bin. 31
Usually the size of each bin is fixed, in which case the number concentration is also known for 32 each bin. 33 34 Bin schemes, particularly those for the liquid-phase, are generally thought to describe cloud 35 processes more realistically and accurately than bulk schemes, and thus they are often used as the 36 benchmark simulation when comparing simulations with different microphysics schemes (e.g. 37
Beheng, 1994; Seifert and Beheng, 2001 ; Morrison and Grabowski, 2007; Milbrandt and Yau, 38 2005; Milbrandt and McTaggart-Cowan, 2010; Kumjian et al., 2012) . For the ice phase, bin 39 schemes are plagued by many of the same issues as bulk schemes, such as the use of predefined 40 ice habits and the conversion between ice types, rendering them not necessarily more accurate. 41
Regardless, both liquid-and ice-phase bin schemes are much more computationally expensive 42 since many additional variables need to be predicted. As a result, bin schemes are used less 43 frequently. It is of interest then to see how well bulk and the more accurate liquid-phase bin 44 microphysics schemes compare in terms of predicted process rates, and to assess how much 45 value is added by using a bin instead of a bulk microphysics scheme. 46 
47
One of the primary drawbacks of double-moment bulk schemes that assume probability 48 distributions is that many microphysical processes are dependent on the distribution parameters 49 that must be either fixed or diagnosed. In the case of a gamma distribution, this parameter is 50 typically the shape parameter. The gamma size distribution is expressed as 51
where ν is the shape parameter and all other symbols are defined in Table 1 . Much is still to 53
be learned regarding what the most appropriate value of this parameter is, and how it might 54 depend on cloud microphysical properties. Figure 1 shows previously proposed relationships 55 between the cloud droplet number concentration and the shape parameter (Grabowski, 1998 ; possible values of the shape parameter based on observations. The lowest reported value is 0.7 60 and the highest is 44.6, though this highest point is clearly an outlier. Furthermore, there is no 61 apparent relationship with the cloud droplet concentration in the data set as a whole, and both 62 increases and decreases of the shape parameter are found with increasing droplet concentration 63 among individual groupings. There is also no clear dependence of the shape parameter on cloud 64
type. Figure 1 also shows that two of the proposed functions relating these two quantities are 65 similar (RL03 and MG07), but that the third function is in total disagreement with these first two 66 (G98 Furthermore, using appropriate values of the shape parameter may be necessary for accurately 69 modeling cloud characteristics and responses to increased aerosol concentrations. Morrison and 70 Grabowski (2007) found that switching from the MG07 to the G98 N-ν relationships in Fig. 1 led  71 to a 25% increase in cloud water path in polluted stratocumulus clouds. This example shows that 72 inappropriately specifying the shape parameter could have implications for the accurate 73 simulation of not only basic cloud and radiation properties but also for the proper understanding 74 of cloud-aerosol interactions. However, it is apparent from Fig. 1 that large uncertainties still 75 exist regarding the behavior of the shape parameter and how it should be represented in models. 76
The goal of this study is to compare the condensation and evaporation rates predicted by bin and 77 bulk microphysics schemes in cloud-resolving simulations run using the same dynamical and 78 modeling framework and to assess what the biggest sources of disagreement are. The focus is on 79 condensation and evaporation since these processes occur in all clouds and are fundamental for 80 all hydrometeor species. It will be shown that in spite of other basic differences between the 81 particular bulk and bin microphysics schemes examined here, the lack of a prognosed shape 82 parameter for the cloud droplet size distribution in the bulk scheme is often the primary source of 83 differences between the two schemes, and thus an improved understanding of the shape 84 parameter is necessary from observations and models. 85 86
Condensation/Evaporation Rate Formulations 87
The Regional Atmospheric Modeling System (RAMS) is used in this study. It contains a double-88 In the RDB microphysics scheme, condensation/evaporation is treated with a bulk approach. 93
Cloud droplet size distributions are assumed to conform to a gamma probability distribution 94 given by Eq. (1). The condensation/evaporation scheme is described in detail in Walko et al. 95 (2000) , and the amount of liquid water condensed in a time step is given by their Eq. 6. Here, a 96 slightly rearranged and simplified version of this equation is presented in order to highlight the 97 similarities to the SBM condensation/evaporation equation shown below. Specifically, the RDB 98 condensation/evaporation equation is written as 99
(2) 100
By using the value of S at t+Δt, the full equation for r v (not shown) is implicit. 101
102
In contrast, the equation for the condensation/evaporation rate in the SBM is given by 103
Semi-analytical equations are used to solve for the time integral of supersaturation that appears at 105 the end of Eq. 3 (Khain and Sednev, 1996) . 106 107 Although both equations have the same basic form, there are three primary differences in how 108 these equations are formulated: 109
• In the SBM, as is required by the model structure, the condensation rate is calculated for 110 each bin of the distribution, and these rates are then summed over all bins, as opposed to 111 the integration of the gamma distribution that is done in the RDB scheme. 112 • The formulation of the ventilation coefficients and of G RDB and G SBM are different, though 113 the details will not be discussed here. 114
• The time step integration is performed semi-analytically in the SBM with multiple sub-115 time steps rather than implicitly in the RDB scheme. 116
These differences between the bin and bulk schemes will be taken into consideration in this 117 analysis in order to understand why the two schemes produce different condensation rates. 118 119
Simulations 120
In order to investigate the difference in condensation rates predicted by the two microphysics 121 schemes, simulations of non-precipitating shallow cumulus clouds over land were performed. 122
This cloud type was chosen in order to minimize the indirect impacts of precipitation processes 123 and thus facilitated the direct comparison of condensation rates. Furthermore, the daytime 124 heating and evolution of the boundary layer results in a wider range of thermodynamic 125 conditions than would occur in simulations of maritime clouds. The wider range of 126 thermodynamic conditions make the conclusions of this study more robust. The simulations were 127 run with RAMS and employed 50m horizontal spacing and 25m vertical spacing over a grid that 128 but it is necessary to use this value in order to explore more fully the range of possible 153 microphysical conditions. The simulations will be referred to by the microphysics scheme 154 abbreviation and the initial aerosol concentration, e.g. SBM100 and RDB1600. 155 In order to compare directly the condensation rates predicted by the RDB and SBM microphysics 159 schemes, it is necessary to evaluate these rates given the same thermodynamic and cloud 160 microphysical conditions. The RDB condensation equation (Eq. (2) ) is approximately 161
proportional to four quantities: S, N, D ̅ , and ν. We say approximately proportional since the 162 presence of the ventilation coefficient and the time-stepping methods make these factors not 163 truly proportional to the condensation rate. In the SBM scheme, the condensation rate is only 164 explicitly proportional to S, and the SBM scheme does not make assumptions about the 165 functional form of the size distribution. If it is assumed nevertheless that the SBM size 166 distributions can be described by some probability distribution function (which doesn't 167 necessarily have to be a gamma distribution), then Eq. (3) could also be rewritten to be 168 approximately proportional to N and D ̅ . Therefore, in order to compare best the condensation 169 rates between the two schemes, the condensation and evaporation rates that occur during one 170 time step were binned by the values of S and ND ̅ (hereafter referred to as the integrated 171 diameter) that existed at the start of the condensation/evaporation process and were averaged in 172 each bin. Where the cloud was supersaturated and subsaturated, saturation ratio bin widths of 0.1 173 and 1 were used, respectively. For ND ̅ , bin widths of 0.05 m g -1 were used. The output from the 174 model only includes the values of S, N, and D ̅ after condensation and evaporation have occurred. 175
However, since the rates of condensation and droplet nucleation were known, and since 176 microphysics is the last physical process to occur during a time step in RAMS, the S, N and D ̅ 177 that existed before condensation occurred were easily obtained. All points where the cloud 178 mixing ratio before condensation was greater than 0.01 g kg -1 are included in the analysis. Note that the aerosol activation parameterizations in the RDB and SBM microphysics are not the 181 same, and hence the number of nucleated cloud droplets is not the same. This will impact the 182 frequency at which each joint S and ND ̅ bin occurs. However, we are primarily concerned with 183 the average condensation rate in each joint bin, and the average value will not be impacted by the 184 aerosol activation parameterizations since we are explicitly accounting for differences in the 185 number and size of droplets through the use of ND ̅ in our analysis. Therefore the differences in 186 the aerosol activation parameterizations should not influence the differences in the average 187 condensation rates as evaluated in our framework. 188
189
The average condensation rate in each S and ND ̅ bin was calculated for all simulations. Figure 3  190 shows an example of this calculation for one simulation. As is seen in Fig. 3 , there is a smooth 191 transition to higher condensation rates as the saturation ratio increaeses, and to higher 192 condensation (S≥1) and evaporation (S<1) rates as the integrated diameter increases. This is 193 expected based on the condensation equations (Eqs. (2), (3)). All other simulations behave 194 similarly. 195
196
In order to compare easily the condensation rates predicted by the two microphysics schemes, 197 Fig. 4a -c shows the ratio of the RDB to SBM condensation rates in the S and ND ̅ phase space. It 198 reveals that for low integrated diameter values, the RDB scheme predicts higher condensation 199 rates, but that almost everywhere else, the condensation rate is higher in the SBM scheme 200 simulations. In the RDB1600 and SBM1600 simulations, the RDB scheme predicts lower 201 condensation rates almost everywhere. In all cases, the ratios are lowest (RDB rates are lower 202 than SBM rates) where ND ̅ is large. 203
204
For evaporation ( Fig. 3d-f) , the RDB and SBM rates are more similar than for condensation. The 205 disagreement is worst for very low relative humidity values, very low integrated diameter values, 206 as well as for moderate values of both quantities. In all of these cases, the difference is 25% or 207 more. However, where evaporation occurs most frequently (at high saturation ratio and low 208 integrated diameter; not shown), the differences are generally less than 10%. Thus it appears that 209 the evaporation rates between the two schemes generally agree better than do the condensation 210
rates. 211 212
There are many potential reasons why the condensation and evaporation rates are different 213 between the two schemes. As the following analysis will show, one major source of discrepancy 214 is that the cloud droplet size distribution assumed by the RDB scheme is not always 215 representative of what the SBM scheme simulates. 216 217
Shape Parameter 218
As can be seen in the condensation equation for the RDB scheme (Eq. 2), when a gamma 219 distribution is assumed, the condensation rate is proportional to the shape parameter ν such that a 220 higher shape parameter results in higher condensation rates. The SBM scheme makes no 221 assumptions about the size distribution shape. However, in order to characterize the predicted 222 SBM size distributions, and to facilitate the comparison of the SBM and RDB condensation 223 rates, we assume that the predicted SBM size distributions are gamma distribution-like and find 224 the best-fit gamma distribution parameters (see Eq. (1)) for the cloud droplet size distributions at 225 every cloudy grid point in the SBM simulations. We then evaluate the mean best-fit shape 226 parameter for each point in the S and ND ̅ phase space. These best-fit shape parameters are then 227 used to assess whether the assumption of a constant shape parameter could explain differences 228 between the RDB and SBM average condensation rates 229
230
In order to find the best-fit shape parameters, we define cloud droplets as belonging to one of the 231 first 15 bins of the SBM liquid array, which corresponds to a maximum cloud droplet diameter 232 of 50.8 µm. Many methods are available to find such best-fit parameters, but they generally all 233
give similar results (McFarquhar et al., 2014). Here we use the maximum-likelihood estimation 234 method and find best-fits that minimize the error in the total number concentration. Using this 235 method, the size distributions are first normalized by the corresponding total number 236 concentration, leaving only D n and ν as free parameters of the distribution (Eq. 1). 237
238
Note that while we could determine the values of S and ND ̅ that existed before condensation 239 occurred, we cannot determine the value of the best-fit shape parameter for this time because the 240 change in mixing ratio of each bin is not output by RAMS. Thus the average shape parameters 241 used in the analysis are those that exist at the end of the time step. Nonetheless, given the short 242 time step used in these simulations, it is not expected that the best-fit shape parameter would 243 change much in one time step and thus the impact of using the post-condensation shape 244 parameters is not expected to have a large impact on the results. would expect if there were no other differences between the bin and bulk condensation equations 250 aside from the value of the shape parameter (and assuming that the bin scheme always predicts 251 cloud droplet size distributions that conform to a gamma distribution). Recall that in the RDB 252 simulations the shape parameter is constant and has a value of 4. Therefore, specifically, the line 253 is equal to (see the ν dependency in Eq. 2). 254
255
In all three pairs of simulations, the mean shape parameter in the SBM simulations explains a 256 large fraction of the variability in the condensation rate ratios, particularly for points with a 257 supersaturation greater than 0.1% (blue dots) or a relative humidity between 90 and 99% (yellow 258 dots). Note that at low shape parameter values, both the theoretical ratio and the modeled ratios 259 indicate that the RDB prediction can be 50% higher than the SBM prediction or more. As the 260 initial aerosol concentration increases, the spread of the points in these two categories around the 261 theoretical expectation increases but is otherwise qualitatively similar. The increased spread is in 262 part due to the fact that the RDB1600 and SBM1600 simulations cover a larger area of the S and 263 ND ̅ phase space (Fig. 4) . Therefore there are more points displayed in Fig. 5c and each point has 264 on average fewer instances of condensation included in its average (not shown). As a result, it is 265 difficult to draw conclusions about how the bulk versus bin condensation rates change as a 266 function of the initial aerosol concentration, except to say that aside from the change in spread, 267 there are no startling differences. 268
269
The quality of the match between the predicted and the model-derived condensation ratios is 270 lower for points with relative humidity values close to saturation (99-100.1%; orange dots). These points tend to lie much farther from the predicted ratio line and show less correlation with 272 the mean shape parameter value. Many points in this category instead have ratios near 1, 273
indicating that both schemes predict the same condensation/evaporation rates. For these points, it 274 is likely that the supersaturation or subsaturation is entirely removed in one time step. In such a 275 case, the shape of the droplet size distribution, as well as all of the other scheme differences, has 276 no impact on the condensation/evaporation rate. If, on the other hand, the supersaturation or 277 subsaturation is nearly, but not entirely removed, the predicted rate is likely sensitive to the 278 scheme's time stepping method and large differences between the condensation/evaporation rates 279 predicted by the two schemes can arise. Finally, at high sub-saturation (0-89% RH; purple dots), 280 the ability of the shape parameter to predict the condensation rate ratio is also diminished. In this 281 regime, cloud water mixing ratio is low and droplets are small. Any of the other differences 282 between the two condensation schemes could be responsible for the disagreement here. 283 284
Discussion and Conclusions 285
In this study we have conducted a comparison of the condensation rates predicted by a bulk and 286 a bin microphysics scheme in simulations of non-precipitating cumulus clouds run using the 287 same dynamical framework, namely RAMS. The simulations were run with three different 288 background aerosol concentrations in order to consider a large range of microphysical 289 conditions. When the condensation rates were binned by saturation ratio and integrated diameter, 290 the RDB rates were on average higher only for evaporation at low relative humidities and for 291 condensation at low integrated diameter values. Otherwise, the RDB condensation and 292 evaporation rates were consistently lower than those predicted by the SBM. Further analysis 293 indicated that the fixed shape parameter assumed for RDB cloud droplet size distributions 294 explained much of the discrepancy in condensation rates between the two schemes, particularly 295 when the supersaturation was greater than 0.1% or the relative humidity was 90-99%. For 296
relative humidity values close to 100% (99-100.1%), the two schemes often predicted similar 297 rates regardless of the best-fit shape parameter values from the SBM. A number of conclusions 298 can be drawn from these results: 299 1. A gamma probability distribution appears to be a good assumption for the cloud droplet 300 distribution shape, and the exact knowledge of the distribution shape in a bin scheme is 301 often not necessary to minimize errors in the condensation rate in bulk schemes. 302 2. Given that the shape parameter associated with the bin scheme cloud distributions 303 explains the condensation rate ratios well under most conditions, differences in the 304 formulations of the ventilation coefficient and G terms may not be important except 305 possibly when the relative humidity is low. 306 3. For relative humidity conditions near saturation, the rates predicted by bin and bulk 307 schemes are often similar since the supersaturation or subsaturation is entirely consumed 308 in one time step. If, on the other hand, the supersaturation or subsaturation is only mostly 309 removed, then large discrepancies in the condensation rates may appear. 310 4. Except when small residual supersaturation or subsaturation remains at the end of the 311 model time step, the multiple sub-time steps taken by the SBM scheme may not strongly 312 impact the total amount of condensed water in the full time-step and thus it may not be 313 necessary to use such computationally expensive methods. 314
In conclusion, it appears that the most important factor for agreement in cloud droplet 315 condensation rates between bin and bulk schemes is the shape of the cloud droplet size 316 distribution. And while we have not explicitly explored them here, we would expect this basic 317 conclusion to hold for other hydrometeor types as well. 318
319
We have presented here a novel method for comparing condensation rates between any two 320 microphysics schemes. Although we have only investigated two specific schemes, it is expected 321 that the results can be applied more generally to bulk and bin schemes. Additional work should 322 be conducted using a similar approach in order to compare and evaluate additional microphysics 323 schemes and additional microphysical processes. While it is clear that the effective shape 324 parameter in the bin simulations explains much of the discrepancies in predicted condensation 325 rates between bin and bulk schemes, and that the shape parameter value can change the 326 condensation rate by 50% or more, our understanding of what the most appropriate value of the 327 shape parameter is or how it should vary as a function of basic cloud properties is limited. More 328 work then is also needed on understanding cloud droplet distributions from observations and 329 measurements. 330 331
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Implementation of the Hebrew University SBM scheme into RAMS 340 341
While the present study is only concerned with warm phase processes, the methods to interface 342 the Hebrew University SBM scheme with the RAMS radiation scheme (Harrington, 1997) will 343 be described here, including those for the ice species. The RAMS radiation scheme uses pre-344 computed lookup tables for the extinction coefficient, single-scattering albedo, and asymmetry 345 parameter for each hydrometeor species. Three of the hydrometeor species in the SBM 346 correspond directly to species in the RAMS microphysics scheme, namely, aggregates, graupel, 347 and hail. All liquid drops are represented as one species in the SBM, so these liquid bins are 348 classified as either cloud droplets or rain drops using the same size threshold used by the RAMS 349 microphysics scheme to distinguish these two species. Finally, the SBM represents three ice 350 crystal types -plates, columns, and dendrites. Separate RAMS radiation look-up tables already 351 exist for these different ice crystal types, but like for cloud and rain, there are two tables for each 352 crystal type depending on the mean size of the crystals. In RAMS, the small ice crystals are 353 referred to as pristine ice, and the large ice crystals as snow. Again, the same size threshold used 354 to distinguish these two ice categories is used to assign bins from the SBM ice crystal species as 355 either pristine ice or snow. This fortuitous overlap in the ice species has allowed for the 356 seamless integration of the SBM hydrometeor species with the RAMS radiation scheme. For 357 each set of SBM bins that corresponds to a RAMS species, the total number concentration and 358 mean diameter is calculated, a gamma distribution shape parameter of 2 is assumed, and the 
